Bimaterial microcantilevers are used in numerous applications in microelectromechanical systems (MEMS) for thermal, mechanical, optical, tribological and biological functionalities. Unfortunately, the residual stress-induced curvature and combined effects of creep and stress relaxation in the thin film significantly compromises the performance of these structures. To fully understand the themomechanical deformation and microstructural evolution of such microcantilevers, SiN x /Al bilayer cantilever beams were studied in this work. These microcantilevers were heated and subsequently cooled for five cycles between room temperature and 250
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Bimaterial microcantilevers are used in numerous applications in microelectromechanical systems (MEMS) for thermal, mechanical, optical, tribological and biological functionalities. Unfortunately, the residual stress-induced curvature and combined effects of creep and stress relaxation in the thin film significantly compromises the performance of these structures. To fully understand the themomechanical deformation and microstructural evolution of such microcantilevers, SiN x /Al bilayer cantilever beams were studied in this work. These microcantilevers were heated and subsequently cooled for five cycles between room temperature and 250
• C, with the peak temperature in each successive cycle increased in increments of 25
• C using a custom-built micro-heating stage. The in situ curvature change was monitored using an interferometric microscope. The general behavior of the bimaterial microcantilever beams can be characterized by linear thermoelastic regimes with (dκ/dT) ave = 0.079 mm −1 • C −1 and inelastic regimes. After thermal cycling with a maximum temperature of 225
• C, upon returning to room temperature, the bimaterial microcantilever beams were flattened and the curvature decreased by 99%. The thermoelastic deformation during thermal cycling was well described by the Kirchhoff plate theory. Deformation of bimaterial microcantilevers during long-term isothermal holding was studied at temperatures of 100
• C, 125
• C and 150
• C with a holding period of 70 h. The curvature of bimaterial microcantilever beams decreased more for higher holding temperatures. Finite element analysis (FEA) with power-law creep in Al was used to simulate the creep and stress relaxation and thus the curvature change of the bimaterial microcantilever beams. The microstructure evolutions due to isothermal holding in SiN x /Al microcantilevers were studied using an atomic force microscope (AFM). The grain growth in both the vertical and lateral directions was present due to isothermal holding. As the isothermal holding temperature increased, the surface roughness of the film increased with more prominent grain structures.
(Some figures in this article are in colour only in the electronic version)
Introduction
Bilayer microcantilevers abound in MEMS applications, serving as both sensors and actuators such as microelectromechanical variable blaze gratings [1] , infrared (IR) detectors [2] , dc electrical relays and contacts [3] , calorimetric high- 3 Author to whom any correspondence should be addressed. frequency detectors [4] , radio frequency (RF) components including switches [5] or variable capacitors [6] , biological [7] or chemical [8] sensors and vertical [9] or lateral [10] actuators. Unfortunately, the manufacturability, planarity and reliability for such bilayer microcantilevers have been inadequate. The released bilayer microcantilevers always deflected due to the residue strain/stress in the bilayer system. To meet performance and reliability requirements, it is of the utmost importance to fully understand the thermomechanical behavior of bilayer microcantilevers, in order to better design, characterize and manufacture successful MEMS structures and devices for the next generation.
The importance of successful development of MEMS is clear to our community, which is also aware of the need for leading researchers in the field to identify promising new materials and structures for MEMS and to master and characterize technologies that will qualify these materials and structures for robust and reliable system applications. In this paper, we use uncooled microcantilever-based IR focal plane arrays (FPAs), which have recently gained interest due to their low noise equivalent temperature difference (NETD) and low cost [11] [12] [13] , as a case study of understanding the fundamental thermomechanical deformation and microstructural evolution of bilayer microcantilevers. The function of this kind of IR detector is based on the bending of bimaterial microcantilevers upon absorption of IR radiation.
Subsequently, the deformation can be readily determined by using piezoresistive, optical or capacitive methods [11] [12] [13] [14] [15] [16] .
The SiN x /Al bimaterial microcantilevers are often chosen as the sensing element because SiN x is one of the most ideal IR absorbers for wavelengths ranging from 8 to 14 μm and there is a large mismatch between thermal expansion coefficients (CTE) of SiN x and Al [17, 18] . As shown in figure 1 , each pixel of the microcantilever-based IR FPAs is comprised of a thin SiN x top layer deposited on a thin Al layer on the bottom. Note that thermal isolation is one of the important issues in IR application. In order to optimize the temperature rise of IR detectors, the thermal conduction between IR detectors and environment should be minimized by using narrow supporting structures and low conductance material such as SiN x [13, 19, 20] . However thermal isolation issue is not considered in this study. As described later, the microcantilevers were placed in a temperature chamber for uniform heating/cooling.
Aside from microcantilever-based IR detectors, bilayer microcantilevers possess multiple practical roles and applications in MEMS [21] . The introduction of bilayer systems exhibits an aspect of ambivalence; while it establishes a degree of design freedom, it also admits unique material behavior and reliability issues. It is important to point out the two critical problems, which could greatly compromise the performance and functionality of the bilayer microcantileversbased devices. First, the as-fabricated microcantilevers curve because of the imbalanced residual stresses, which developed during fabrication for reasons such as the presence of impurities or voids, grain growth and recrystallization [22] . Therefore, residual stress measurement [23, 24] and curvature modification [18, 25, 26] are the important topics in the postprocess assessment of microcantilever-based devices. Second, for many applications, it is crucial to accurately control the deformation of bilayer microcantilevers over a significant period of time in order to meet performance and reliability requirements [27] . This is especially important for bilayer microcantilever-based detectors that are subjected to thermal loading. The combined effects of creep and stress relaxation in the metal layer significantly influence deformation and compromise device performance, therefore these effects must be fully understood.
To this end, we designed microcantilever SiN x /Al bilayer beams to study the thermomechanical deformation and microstructural evolution for MEMS applications such as infrared detectors [11] [12] [13] [14] [15] [16] . The goal of this study is to integrate the results from thermomechanical and material studies to improve the manufacturability, planarity and reliability of bilayer microcantilevers. Section 2 describes the fabrication of bimaterial microcantilever beams, which consist of 200 nm SiN x and 200 nm Al using a low-temperature surface micromachining technique with a commercial polyimide as the sacrificial layer. After the fabrication, the deflection of microcantilever beams subjected to thermal cycling and isothermal holding were in situ measured using interferometric microscopy. In section 3, finite element analysis (FEA) was used to present the thermomechanical deformation during thermal cycling and isothermal holding. Section 4 describes the thermomechanical evolution and the modeling during thermal cycling. Also discussed here is the use of AFM to study the microstructural evolution during isothermal holdings.
Experiment

Bimaterial microcantilever beams fabrication
Arrays of bimaterial microcantilever beams were fabricated using surface micromachining with polyimide as the sacrificial layer. Figure 2 shows the released SiN x /Al bimaterial microcantilever beams. Each array consisted of five cantilever beams of 20 μm in width, and 40-120 μm in length with 20 μm increments. These microcantilever beams, consisting of 200 nm of Al as the bottom layer and 200 nm of SiN x as the top layer. To acquire maximum thermomechanical deformation, the thickness of both layers in the bimaterial microcantilever could be optimized [14, 28, 29] .
The 1 0 0 silicon wafer was first cleaned with 40% hydrofluoric acid solution (HF) to strip off the native oxides from its surface. The initial step in the fabrication process is to deposit a 2.5 μm thick polyimide layer, which acts as a sacrificial layer. The use of commercial PI 2610 polyimide (HD Microelectronics) not only allows for an all-dry final structure release step that overcomes stiction problems, but also completes compatibility with deposition and patterning of bimaterial structural layers, i.e., plasma-enhanced chemical vapor deposited (PECVD) SiN x and e-beam evaporated Al [25, 28, 30] . An adhesion promoter VM-652 was coated on silicon wafers at 3000 rpm for 30 s to enhance adhesion between polyimide and the wafer, and was baked at 90
• C for 10 min. The polyimide layer was spun on at 2200 rpm for 30 s, and then cured in a convention oven for 10 min at 150
• C with a nitrogen atmosphere as shown in figure 3(a) [31] . To create anchors of the microcantilever beams, an etching process was performed on the sacrificial layer. A SiO x layer of 500 nm was deposited on the top of the sacrificial layer as a hard mask using PECCD and patterned by reactive ion etching (RIE) with gases SF 6 and He [32] . The anchor holes on the polyimide layer were fabricated using RIE with O 2 plasma as shown in figure 3 (b). After RIE etching, the SiO x layer was removed by using the buffered oxide etcher (BOE) because it does not have an effect on polyimide. Following the etching processes, SiN x and Al layers were deposited on the top of the polyimide. The process began with a deposition of a 200 nm layer Al using an E-beam thermal evaporator, followed by PECVD of a 200 nm SiN x layer on the top of the Al, as shown in figure 3(c).
The SiN x and Al layers were patterned using RIE with SF 6 and He, and phosphoric acid, respectively [32] . Finally, the SiN x /Al microcantilever beams were released by removing the polyimide sacrificial layer using isotropic O 2 plasma dry etching as shown in figure 3(d).
Measurement procedure
The in situ deformation of microcantilever beams was measured using an interferometer microscope and a thermal system as shown in figure 4 . The microcantilever beams were Figure 4 . In situ deformation measurement setup consists of (a) WYKO interferometric microscope, (b) thermal system and (c) control system. subjected to a controlled temperature change using a thermal system consisting of a custom-made heating/cooling stage and a close-loop heating and cooling controller with 0.1
• C resolution [33] . Simultaneously, a visual representation of the full-field out-of-plane deformation, w(x,y), of microcantilever beams with 100 nm resolution was archived ( figure 5(a) ) when a beam of white light passed through a 10× microscope objective to the surface of the microcantilever. Subsequently, an interferometer beam splitter reflects half of the incidence beam to the reference surface inside the microscope. These two beams are recombined and projected onto the camera to generate a signal that is proportional to the resultant beam intensity produced by the interference effect. These signals are then transferred into the spatial frequency domain and the surface height for each point is obtained from the complex phase as a function of the frequency [34] . From the fullfield out-of-plane deformation ( figure 5(a) ), we determined the curvature along the length of the microcantilever beam (the xdirection) by fitting w(x,y) with a second-order polynomial and then differentiating as appropriate; typical results are shown in figure 5(b) . Using the thermal system to heat/cool the microcantilever beams, we can measure the curvature evolution in situ as shown in figure 5(b) [35] . For example, the series of surface profiles of the microcantilever beam show that the deformation increased with increasing temperature as the Al expands more than the SiN x layer. This measurement setup provided a suitable representation for the overall thermomechanical response using calculated curvatures at each temperature.
In this study, in order to characterize the thermomechanical behavior of the microcantilever beams, thermal cycling and isothermal holding experiments were performed. The test protocol was designed to carefully study the deformation of the SiN x /Al microcantilever beams upon release, and then upon subsequent uniform heating, cooling and holding. The two tests proceed as follows:
Thermal cycling:
The thermal cycling procedure was designed to carefully explore the deformation of the microcantilever beams due to uniform heating and cooling cycles. In the first cycle, the microcantilever beams were heated from room temperature to 150
• C at a rate of about 200
• C min −1 . When the microcantilever beams' temperature approached the target temperature, the heating rate decreased to about 10
• C min
as the temperature slowly approached the target temperature. The cooling rate upon cooling from the peak temperature is about the same as the heating rate. During the heating and cooling processes, the full-field deformation was measured using an interferometric microscope at increments of 20
• C. The temperature was held constant for 3 min to maintain the equilibrium at each increment. After the first thermal cycle, the microcantilevers were heated and subsequently cooled for four more cycles with 175
• C, 200
• C, 225
• C and 250
• C as the peak temperatures.
Isothermal holding:
In order to study the effects of creep and stress relaxation at different holding temperatures (100
• C), we measured the deformation of the microcantilevers as a function of time. First, the microcantilever beams were thermal cycled three times between room temperature and the holding temperatures to partially stabilize the Al microstructure. After the initial three thermal cycles, the microcantilever beams were held at the isothermal holding temperature for about 70 h. The full-field out of plane deformation was measured during the initial three thermal cycles and the isothermal holding period.
Finite element modeling
Finite element modeling of the thermoelastic response and inelastic deformation of the microcantilever beams during isothermal holding were carried out using ABAQUS. In the simulations, the beam was meshed with composite shell elements to approximate the thin-plate kinematics of the Kirchhoff theory [36] . The microcantilever beam was fixed at one of the two ends and the parameters of geometry conformed to real structures. Residual stress in each layer was not considered in the model. The input parameters of the finite element model are shown in table 1 [37] . For the thermoelastic response simulation, the mismatch strain was induced in the bimaterial structures due to the thermal expansion mismatch between Al and SiN x and uniform temperature change. This mismatch strain will consequently result in bending curvature of the bimaterial structure [38] . For inelastic deformation simulation during isothermal holding, we modeled the curvature evolution as a function of time by assuming the inelastic deformation mechanism described by power-law creep in Al,ε = Aσ n , and that the SiN x layer deforms elastically. Within ABAQUS, the power-law creep is implemented in a standard formalism through the Mises stress potential [39] . The power-law parameters, A and n, were obtained by fitting model results to the experimental data for the beams.
Results and discussion
Thermal cycling
The microcantilever-based IR FPAs function thermomechanically and the initial curvature observed in the structures is very similar to that observed in those used in this study [25] . Figure 6 shows the in situ measurement of curvature versus temperature for the bilayer SiN x /Al microcantilever beam including both linear thermoelastic and inelastic regimes. Results, measured with the interferometer microscope, show that the as-released microcantilever beams bent up due to the residual stress in the two layers [40] . When the temperature is increased, the curvature of beams also increases as the CTE of Al is higher than that of SiN x . It is an inherent characteristic of microcantilevers that the misfit strains in the film layers lead to stresses in the layers and deformation of the structure upon temperature change. In figure 6 , the measured curvature evolution is linearly dependent on temperature change between room temperature and 160
• C, indicating a linear thermoelastic deformation of microcantilever beams in this temperature region. However the full-field deformation measurement cannot be obtained at high temperatures, since the beams curve so much that the reflected light cannot be collected by the objective lens.
In the first cycle, while the temperature is increased towards the peak temperature of 150
• C, the curvature also increases with a constant rate of dκ/dT. Upon cooling, the sample exhibits a linear thermoelastic mechanical response with dκ/dT that is approximately equal to the heating response. During the second cycle, the curvature also increases as the temperature is increased. Upon cooling, as dκ/dT remains about the same as heating, there is a shift of the linear thermoelastic mechanical behavior. This indicates that during heating between 160
• C and the peak temperature of 175
• C, the sample experiences inelastic deformation that is manifested by nonlinear stress-strain relationships. After returning to room temperature, the curvature drops form 5.1 mm −1 to 3.2 mm −1 . These results indicate the release of residue stress/strain in the microcantilevers during thermal cycling. The deformation behaviors during the following cycles are similar, exhibiting thermoelastic responses upon heating until a nonlinear behavior start. The cooling process is again thermoelastic with the subsequent room temperature curvature decreasing after each cycle. Furthermore, after the fourth cycle with a peak temperature of 225
• C, upon return to room temperature the microcantilever beam bends down toward the substrate and the curvature is about −0.05 mm −1 . Hence, optimized peak temperature of thermal cycling for flattening the SiN x /Al microcantilevers beams should be very close to but less then 225
• C. Thermal cycling treatment with optimized peak temperature could be obtained to fully flatten the microcantilevers beams.
From our measurements, thermal cycling appears to be an effective method to modify the residual stress-induced curvature. We also have previously studied the thermal mechanisms of microcantilever-based IR detectors and have reduced the curvature via thermal cycling [25] . Similar phenomena have also been observed by Zhang and Dunn [38] on the curvature evolution of Au/polysilicon bilayer microcantilevers. The average curvature κ of microcantilever beams depends on the mismatch strain α T, where α is the CTE mismatch of bimaterial structures and T is the temperature change, and can be expressed as [38, 41] In our previous study [25] , we observed the thermomechanical response of bimaterial SiN x /Al microcantileverbased IR detectors using thermal cycling.
However, equation (1) cannot model the thermoelastic response of microcantilever-based IR detectors, mainly due to the relatively complex geometry and boundary conditions of the detector structures. We thus modified the analytical solution based in plate theory by using a correction factor derived from FEA. Figure 7 shows the curvature evolution as a function of temperature between room temperature and 125
Isothermal holding
• C for bimaterial SiN x /Al microcantilever beams during three prethermal cycles and isothermal holding. The response shows the three regimes of deformation: (i) during the three prethermal cycles, the deformation is thermoelastic with a constant dκ/dT. After the three thermal cycles, the temperature Figure 7 . Curvature evolution during the pre-thermal cycles, isothermal holding and subsequent cooling to room temperature.
was again increased from room temperature to 125
• C, and held for about 70 h. (ii) During the 70 h of isothermal holding, the deformation is inelastic and the curvature decreases due to the combined effects of creep and stress relaxation. (iii) Upon cooling from 125
• C, the deformation is again thermoelastic with the same dκ/dT as seen in the pre-thermal cycles. When the temperature reaches room temperature, the curvature is lower than the initial room temperature curvature due to the inelastic deformation during isothermal holding [39, [42] [43] [44] [45] [46] . Figure 8 shows the curvature development during the isothermal hold at 100, 120, 150
• C for bilayer SiN x /Al microcantilever beams. The symbols represent experimental data while the solid lines represent finite element predictions. During the isothermal holding, the curvature of the SiN x /Al microcantilever beams significantly decreases due to the combined effects of creep and stress relaxation. Both stress and strain are not constant during the isothermal holding. Higher holding temperature triggers more creep and stress relaxation in the Al film, which is manifested by more prominent decrease in the curvature. After the isothermal holding at 100
• C, the curvature decreases by 8%, 37% and 66% of the initial curvature, respectively. The curvature decreases more rapidly over the first 20 h, which is consistent with the results from previous studies that stress relaxation is most pronounced during the early stages of the isothermal holding [39, 47] .
Power-law creep was used to describe the inelastic deformation behavior of SiN x /Al microcantilever beams during isothermal holding. • C), the inelastic behavior during isothermal holding are well described. While these parameters were chosen to fit the data, they are in reasonable agreement with thin film data in the literature as described earlier [45, 47] . Powerlaw creep has been used to describe the inelastic deformation behavior of thin Al film on thick Si substrate [47] and • C, (c) 125
Au/polysilicon bilayer microcantilever structures [39] . The value of A has been shown to depend on the film thickness and holding temperatures [39, 45] . Nonlinear deformation mechanisms associated with microstructural changes in the bimaterial microstructures are of contemporary interest and will be discussed in section 4.3.
Microstructural evolution
It is of great interest to understand the mechanisms of microstructural evolution on a more local scale during the deformation and stress relaxation of SiN x /Al bimaterial microcantilevers. The Al surface morphology was measured • C, (c) 125
• C and (d) 150
using an AFM on both the as-released and thermally treated microcantilevers. In order to measure the surface morphology of the Al layer located at the bottom of the structure, the microcantilevers were separated from the sample substrates by placing carbon adhesive tapes on the top of the samples. • C and 150
• C, however, the small grain coalesce to produce a big grain and morphology measurement shows the surface of Al layer are rougher, as seen in figures 9(c)-(d) and 10(c)-(d), respectively. The mean roughness (R a ) and mean square roughness (R q ) of the Al layer of microcantilever beams are shown in table 2. The roughness of the Al surface is increased by 4.6%, 47.6% and 50.8% compared to the as-released structures after isothermal holdings at 100
• C, respectively. Similar results were found in previous studies of isothermal anneals of thin Al or Al alloy films on thick substrates [48] [49] [50] [51] . Volkert et al showed the grain growth of pure Al from 0.15 μm to 0.6 μm after cycling the sample to 500
• C [49] . Iwamura et al measured that the grain size of Al-Ta alloy change from 0.06 μm to 0.1 and 0.21 μm after annealing at 533 K for 14.4 ks and 673 K for 3.6 ks, respectively [50] . The morphology changes and compressive stress relief for isothermal annealing has been well documented in an effort to better understand the stress-induced reliability problem in microelectronic interconnects. However the results from our study using thin Al films on a substrate of comparable thickness, show the morphology changes and the grain growths associated with the thermomechanical deformation of bimaterial microcantilevers for MEMS applications.
Compressive stress in metal thin films is relaxed by various mechanisms, such as grain growth and hillock formation. The normal boundary migration leads to grain growth, which generates a tensile stress in the plane of the film when the initial grain size is below a critical size [50] . When the grain size reaches a particular value, the sum of the strain energy and surface energy is minimized. Further grain growth can continue if plastic flow releases the strain energy [24, 48] . When the grain size is over a critical size, infinite grain size is produced by boundary migration such as hillocks [52] . Hillock formation is the other main factor that tends to happen at higher temperature or longer holding time. The hillock size is typically a few microns and could increase with increasing annealing temperature. The distance between each hillock ranged from 20 μm to 100 μm. The hillocks relieve stress within a small vicinity, while grain growth and stress relaxation dominate elsewhere [50] . In our study, the grain growth is the main factor in morphology change of Al surface, as observed in figures 9 and 10. Similar results can be seen in previous research on Au/Si cantilever beams [53] . Grain growth was observed after 100 h at 180
• C and the hillock formation after 200 h at 180
• C. The hillock formation also occurred under a compressive stress due to the diffusion of Al atoms along the grain boundaries and the film surface [51] . Grain growth can homogeneously change the microstructure of Al film but the hillock formation non-homogeneously changes the microstructure of Al.
To better understand the microstructure evolution during isothermal holding, stress development through the thickness of the bilayer microcantilevers was plotted in figure 11 for t = 0, 5, 25 and 70 h. To eliminate the edge effect, the stress is plotted at the center of the beam. The thickness from 0 to 0.2 μm is in the Al layer, and from 0.2 to 0.4 μm is in the SiN x layer. At t = 0 stress gradient exists across both the Al and SiN x layers. During the first 5 h of isothermal holding the stresses in both Al and SiN x layers decrease and redistribute significantly. After 25 h of isothermal holding, stresses distribute almost constantly through the thickness of the Al layer and change slowly for the rest of the holding period. From figure 11 we can see that the isothermal holding conducted at higher temperature results in more compressive stress relief, which may trigger the small grains to coalesce with each other to form a bigger grain. These results on stress distribution, combined with the surface morphology measurement in figures 9 and 10, help us better understand microstructural grain growth associated with creep and stress relaxation during isothermal holding.
Conclusion
In this paper, SiN x /Al bimaterial microcantilevers were fabricated using surface micromachining with a sacrificial polyimide layer. A thermal system and an interferometric microscope were used to in situ measure the full-field out-ofplane deformation of microcantilever beams. The deformation mechanisms with different thermal loading, including thermal cycling and isothermal holding were studied. Thermal cycling appears to be an effective method to modify the residual stressinduced curvature. Combined effects of creep and stress relaxation can greatly compromise the device performance, and can be simulated with power-law creep in Al to predict the curvature changes of the bimaterial microcantilevers. Moreover, morphology changes and grain growth of the Al surface were well captured using AFM, and was associated with the thermomechanical behavior and stress development of bimaterial microcantilevers. We would like to emphasize that the scope of this paper is not at all limited by IR detectors, which is only a specific application that could potentially benefit from this research. The scientific insights from this study contribute to the fundamental understanding of many other similar bilayer thin film material systems commonly used in MEMS. Broadly speaking, this paper would also help to identify more effective means for engaging the materials science and engineering mechanics community in work important to continuing advances in MEMS technology.
